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ABSTRACT

“his report desCribes a class of
microrinjature, thin fi)lm devices known
ac integrated thermionic clircuite (ITC)
capable of cxtended operation in ambi-
¢nt temperatures up to 500 C. The evo-
lution of the ITC cohcept is discussced.
A ect of practical degigr. and perform-
ance cquations 16 demonstratcd. Recent
cxperimental recults are discugsed 1in
which both devices and simple circuite
have succcssfully operated in 500 C en-
vitcnments far cvtended periods of time
(greater than 11000 hours).

APPROACH

The approach taken for ITC active
devices har been to use the {ntringi-
call? high-tempecrature phecnomenon ot
thermionic emigoion in conjunction with
thin=film integrated-cizcuit technolouy
to produce microminiature, vacuum teri-
odeu. The resulting technology uset
photolithoqgraphically delireated thin
films of tefractory mctals and cathode
material on heatced, insgulating gub-
gtratec. Typical qecometrier and dimen-
cionu are shown {n Flg. 1. Many &such
devices are simultaneously fatricated on
d Gingle subatrate, tesulting in high
packing density, The integrated grid-
cathode structurces acte intrinsically
rugged.

THE ITC STRUCTURE

Notice in this structure, the auude
ig {n the natural path of the electrona,
and the closely interdiqitated grids and
cathodes are used to maximize grid con-
trol. In a sense;, this atructure is
like 3 standard triode with the grid
moved down into the plane of the cath-
ode, 1In fact, it hau been shown through
computer simulation and experimentally
verified that the fundamental equation
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governing conventional triode perform-
ance mey be used to desCribe the pei-
formance of the IT(C device.
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is the
1t the plate voltage,

. b& the amplification factor, and K ic
a constant called thce pervecance. Fur-
theimore, from electrostatic dhaly6is, it
has been ghown that for a devize with
grid width, cathode width, and grid-to-
cathode gpacing equal to a an- cathode-
to-anode spacing equa. to d,

i the J.late current, Vq
grid voltage, Vp

- 4 _ 1
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Thuc, w, the electrostatic amplification
f-ctor, 1u lincarly related to the ratio
d/a, with no other geometrical) tactors.
This result 18 remarkably aimilar to
that obtained for a conventional triode.
Therefore, depending on the citcuit ap-
pPlication, the deuired amplification
factor can simply be sclected by speci-
fying d/a.

A similar analysis for the device
gchown {n Fig. 2, where ¢ Ir the width of
the cathode, b the dist between the
qgrid and cathode, ¢ the .h of the
grid, and d the distanc opetween plate
and cathode, reeults in
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*Thin work sponsored by the US
Lepartment of Encergy, Livision of
Geotherimal Ercryy.



which can easily be summed on a calcu-
lator.

DEVICE PROCESSING

To date, device processing has been
cthe most emphasized portion of the ITC
development program.

Sapphire was chosen as the sub-
strate material for ITC devices because
of its high quality surface finish and
high electrical resistivity at high
temperatures (=8 x 107 u-cm at 800°C).

Figure ) is a Bide view of the ITC
metalizations on the circuit or device
side of the substrate.

Notice that all the metals are re-
fractory because of the need to with-
stand high-temperature environments,
(This 1s in contrast to the aold and
aluminum used in conventional silicon
intcgrated circuits.) The bond pad is
platinum, and the platinum bond wires
are attached by parallel-qap or ultra-
sonic wire bonding. The base metal un-
der the cathode is tungsten.

The cathode coating technique wag
developed by Geppert, Dore, and Mueller
at the Stanford Rescarch Tastitute in
1969. This technique uses photuresist
mixed with oxide cathode coating, which
15 then delincated photolithographi-
cally.

In practice, the cathode coating is
spun onto the wafer Aand delineated like
photoresist. The circuit is then pack-
aged and placed on a vacuum pump. The
package is evacuated and the cathode
coating actjvated by applying power to
the heater until thc substrate ap-
proaches 900°C.

During normal operation, the heat-
cr8 arc uscd to heat the substrate to
750-800"C in order tou provide acceptable
clectron em.ucion from the cathode (>100
mA/cm’ ),

CURRENT TECHNOLOGY AND LIMITATIONS

Fiqure 4 ic a picture of the first
Loc Alamos IT: device, manufactured {n
1977. The lines and spaces arc 5 mils.
The heater patterrn 48 vieible on the
back of the sapphire. The daiker fin-
gers aro the cathodes.

Fiqure 5 ia an array of three de-
vices from 1979. The cathode and grid
Jines are 1 mil, and spaces betweer
grids and cathode are 0.2 mil.

Becausc the oxide cathode is gran-
ular in nature (with crystals on the or-
der of 1 um), the 0.2 spacing appears to
represent an optimal limit to device
size.

This technolcgy ylields a minimunm
device size of approximately 10 by 3.5
milc, which is enough to hold over
12,00C devices on a pair of 3/4-in-diam
sapphire substrates. As will be de-
scribed later, factors other than mini-
mum device size currently limit useful
density of devices on a substrate.

HIGH-TEMPERATURE OPERATION

The 400°C and 500°C operation tects
conducted to date fall into two cate-
gori®6 by time {r-ame and package mater-
ial. The run September 1979 through
February 1980 used the stainless steel
(302) or Kovar envelope materials. High-
temperature vacuum feedthroughs using
stainless steel, aluminum, and high-
temperature brazes were designed for
these packages by Ceramaseal Corpora-
tion, New Lebanon, New York., Initially,
these packages had problems with the
cvolution of manganese, iron, and chro-
mium, (in the torm of diatomic oxides,
for example Mn0_), plus the liberation
of gases at higher temperatures. Ags a
result, these testG, described in the
upper portion of Table 1, should only be
considercd preiilminary. Even s0, the
400 C test device operated guccessfully
for «ver 70600 hours. A number of simple
circuitce were also run i1n high-
temperatuie environments using thesc
injtial packages. In all cases, fallure
wagc due to clectrical leakage on the
substrale because the mectals were bheing
liberated from the package. The 5S5-Mb:
Hartley oscillator operated with both
the capacitor and inductor at 500 C.

With the undecrstandings ecvolved
from the stajnless stecl and Kovar
teots, a newcr package watg designed
using nickel, The firct test beyan
May 9, 1980, and is st 1] running after
11520 hours. Fiqurcs 6 and 7 show the
device characterintics on May 19 and
October 9. The device characteristics
are virtually urchanged.

The second test used a device oper-
ating at 550"C; the device is5 valved off
the pump to sllow periodic gas-burst
teets. This test wat terminated after
no appreciable gas build-up wau obucrved
in 4009 houtu.

CONCLUSIONS REGARDING
HIGH-TEMPERATURE OPERATION

Based on the teats performed to
date, ITC tec'inology has demonatrated
the abjility to operatec successfully and
relliably for thousands of hours at tem-
,.cratures up to 500"'C. This temperature
is not the fundamental limit for ITC de-
vices, and with the evolution of better
gettering techniques (more complex thun



titanium) and packaging tecaniques (per-
haps glass~-ceramic [1l]), " igher tempera-
ture operations are expected in the
futJre.

CIRCU1TS

The design of I1TC circuite {s in
many ways similar to the ¢- an of con-
ventional integrated ciic There-
fore, ITC design techniques use the
advantages gained from the simultancous
fabrication of many devices on the same
subrtrate. The inherent matching of de-
vice characteristice and the tracking cf
these characteriatics over temperature
and 1ife are exploited. Functional citc-
cuit elements such as differentional
staqges, current sources, and circuits
that use active devices as loads have
heen tabricated using discrete ITC de-
vices, and their periormance has becen
verifjcd against theocy. The simple ac-
tive load, shown in Fig. 8, is particu-
larly valuable becausc 1t6 qain (-:,2)
is only dependent on device geometry,
the rtatic of line width to cathode-anude
spacing. Therefore, the gain of the
stage 15 independent of the transconduc-
tarces ol the twe devices and, hence, of
the opersting tomperAtures.

As a rocult of the succets of de-
cigning functional ITC circuits using
discrete dev.cet, the decign of i1nte-
grated ITC circuits has hecome the re-
cent emphasis of the program. Becausce
these efforts are ongoing, thie scection
will mainly contain qenesal comrentu and
directions for future wcrk,

The decign of inteqrated circvitey
with complex functions on a Gingle pair
of pubstrates presents new challenges
and pogcstibilities ac a recult of device
match)ng and, unfortunately, somc ptob-
lems, in particular, clectrostatic inter-
actions betweon devices., Figure 9
schematically depicts the origin of uuch
interactiouns,

The key to {ncreasing the tunc-
tional complexity and maximum gain on a
singlc gubgtrate pair will be the devel-
opnent of appropriate techniques for
makiny desiyn tradcuffs between device
layout (pouition on the rubst-ate) and
¢ircuit function.

A'though results are 6till tenta-
tive, riyc. 10 and 1] show the layout cf
one experimental pafir of gubutrates fou
a differential gain stage. 1In current
experiments, a series of device mausks
are used to photolithographically gener-
atec an array of devicau, which are then
interconnected using a serien of maake
with line segments. Regults suggest
that a reauvonable 2-yoar goal for ITC
technology is the deoign of an opera-
tional amplifier with a voltage gain of

1000 or more on a pair of 0.75-in-diam
substrates.

CONCLUSIONS

Based on the results described
akove, the future for 'TC technology is
tright. Programmatic efforts have led
to an ITC technology with demonstrated
high-temperature capability (500°C for
thousande of hours) and to fabrication
techniques commensurate with mass pro-
duction. Physical models and detailed
device understardings have becn devel-
oped. Preliminary circuite using dis-
crete devices, s6ingle not integrated,
nave demonstrated the potential of ITCs.
All that remains is the final develop-
ment of 1ntegrated circuit design tech-
niques and the demonstration of inteqra-
ted circuity,

The results of the ITC development
program suggest that ITC5s may lecome an
important technology for high-
tempcrature 1nstrumentation and control
6ydtems 1n geothermal and other high-
temperacure cenvironmentes.

It should also be noted that al-
thougn these devicoe as desocribed were
developed tor high-temperature environ-
ments, Lests have a{rcady shewn radia-
tion hardness to 10!7 neutrons/cm- and
2.5 x 10f rad (vith pg degradation
cbperved). Thiu combiratjion of high-
temperature and hig.-tudiation toler-
ance algo suggests the potential for
application in i1nstrumentation and con-
trol systems or such envitonments ay
those presented by the lows of £luid in
o nurlear recactor,
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Table I. Hign-temperature life test summary - lst geries.

Start Bulb
ITemp, _Date  Hours Type = Materjal = Compents
400°¢ 9-26-79 7750 Triode Kovar No appreciable degradation through
6000 hours; emissjon loss thereafter
stopped at 80% 1loss,
500°C 9-27-79 1608 Amplifier Kovar Stopped - gain of 1; individual
(2-device) tests indicated emission loss.
500°c 9-17-79 259%0 Triode Kovar No emission degradation through 2000
hours; increesing gas load, emission
loss thereafter stopped at 5S0%.
500°¢ 10-18-79 430 Triode Kovar Stopped - loss of amission.
500°¢ 10-4-79 4464 Triode 5.8, No degradation through 4000 hours;
emission loss thereafter stopped at
508 loss.
600°¢C 9-20-79 jas Triode Kovar Stopped - loss of emisaion.
500°C 11-2-79 1070 Differen- Kovar Stopped - decreasing gain; electri-
tial amp cal Jeakage on substrate.
(6-device)
500°C 11-7-79 6144 Tciode in  Kovar Gradual decline in emission with in-
Ti jig creasing gas loads aft~r 2000 hourcg;
steuped at 50% loss.
500°¢ 1-31-80 588 S-MHz Kovar Osc.llation stopped; electrical
oscillator leakage on substrate.
500°C 2-19-80 8lé 5-MH2 hovar Oscillation stopped; electrical
va9cillator leakage on substrate.

The above tests have all been terminated. The following tests are ongoing
ueing high-purity nickel bulbs and ®"clean® welding techniques.

Table 11. High-temperature life test summary - 2ad gerics.

Start 9-8-81 Bulb
lepp. = Dat~ = Houxs Type = Materdal = Commepts ——
500°c 5-9-80 11520 Triode Ni N, degradation in emission; no
leakage; ongoing.
550°C 7-8-80 4000 Triode Ni Valved off pump to facilitate qau

burct tests; devcloped loopes.
Rurst tect &t 1400 hours indicated
arqon present; evidence of gas
cleared terminated at 4000 hours,
no new ;as evolution observed.
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THIN INSUL ATING
METAL SUBSTRATE
FiLM PHOTOLITHOGRAPHICALLY HEATED TO
DELINEATED CATHODE ~, 600°C
Fig. 1. Bas:c 1TV qain Jdevice.

CATHODE COATING APPLIED AND DEFINED PHOTOJNAPHICALLY

- —
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Fig. 3. 1TC motalizatlion and photolithography.
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Filg. 4. First lLos Alamos ITC device
(1977).
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6. 1Improved paciage (500°.)

Fiag.

Device (500°C) after 3600 hours.
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Fig. B. Gain stage with active load.
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Plg. 9. Electrostatic interactions.
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